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The detailed time- and spatial-behaviours of emissions from iron
impurities with the different ionic charge were obtained in the JFT-2
deutrium discharges with co- or counter-injections. In co-injection,
the iron impurity is driven out from the central region of the plasma,
and in counter-injection, they appear to accumulate and the plasma is
not disrupted. These enhanced diffusion of the iron impurity can well be
explained by the neutral-beam induced effect (direct beam-impurity
interaction and toroidal rotation of the plasma), predicted by the

neoclassical theory.
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1. Introduction

Impurity behaviours in Ohmic heating tokamak plasmas have been
investigated experimentally and theoretically. Explanation of the
behaviours needs anomalous flux driven by the pressure gradients across
a magnetic surface in addition to a usual neoclassical flux [1-3].

Recently, high-power neutral beam or radio frequency have been
supplied to get high-temperature and high-beta tokamak plasmas. It has
been pointed out experimentally and theoretically that radial transport
of impurities and spectral-Tine emission from impurities are modified
during auxiliary heating. Stacy and Sigmer [4], and Burrell et al. [5]
suggested that neutral-beam injection parallel to the plasma current
(co-injection) expels impurities, whereas countér-injectﬁon drives them
in due to direct beam-impurity interaction and plasma rotation in the
toroidal direction within the framework of neoclassical transport
theory. But some theorists have obtained a different prediction, i.e.
co-injection induces inward diffusion and counter=injection is reverse
[6-8].

The 1SX-B and PLT experiments have shown dramatic changes in the
impurity content and radial profiles (PLT experiments) during neutral-
beam injection [9,10]. Isler [9] examined the beam effect on the
discharge with sawtooth oscillation (a very Tow level of MHD activity
and concluded that neoclassical beam-induced effects seem to increase
the-accumulation rates of impurities during counter-injection, but the
co-injection results are not clear for the beam effect. Burreld [5]
explained the experimental results in. co- and counter-injections in the -
ISX-B and PLT tokamaks by the effect of plasma. rotation.

The another beam effect on impurity behaviour.is charge transfer :

between fast- and halo-neutrals due to beam injection and highly-ionized
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impurity ions. This atomic process enhances spectral-line emission from
impurity ions and modify the population density of impurity ions in each
charge state [11]. Thus, this is very important on the estimation of the
impurity diffusion coefficient.

In the ISX-B [12] and DITE [13] discharges with low density (ne=
(2%3)x1013.cm'3), observed enhancements of spectral-line emission from
light and metal impurity ions (rise time=1n2 ms) were explained by charge
transfer, espetially, spatial distribution of impurities in DITE is much
better described by the numerical code including charge-exchange
recombination than without it.

In the JFT-2 tokamak, the time- and spatial-behaviours of
emissions from Fe9+, Fe14+, Fe]7+, and Fe18+ ions were measured in the
neutral-beam injected discharges with and without sawtooth oscilliations.

In the next section, we describe the experimental arrangement and
the characteristics of the discharges. The time- and spatial-behaviours
of iron impurities are shown in the section 3. In the last section, we
discuss the charge transfer between the fast- and halo-neutrals and

iron impurities, and the neoclassical beam effect on the iron impurity

behaviours.

2. Experimental Arrangement and- Characteristics of Discharges

A schematic view of the JFT-2 tokamak and the principal diagnostic
equipments are'shown in Fig.l. The directions of the plasma current and
the toroidal field are clockwise and counter-clockwise, respectivelly.
The neutral beam injectors: are placed at 40 degrees with the minor axis
of the torus. Maximum injected power of the each beam line is about 1 MW
at 40 kV and 32 A. The: beam pulse duration is about 100 ms. The rise-time

of the beam is about 100 us. The rail-limiter, placed at the top of the
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impurity ions. This atomic process enhances spectral-l1ine emission from
impurity ions and modify the population density of impurity ions in each
charge state [11]. Thus, this is very important on the estimation of the
impurity diffusion coefficient.

In the ISX-B [12] and DITE [13] discharges with low density (ne=

13 cm'B), observed enhancements of spectral-line emission from

(2n3)x10
light and metal impurity fons (rise time=1n2 ms) were explained by charge
transfer, espetially, spatial distribution of impurities in DITE is much
better described by the numerical code including charge-exchange
recombination than without it.

In the JFT-2 tokamak, the time- and spatial-behaviours of

9+ Fe14+, Fe]7+, e18+

emissions from Fe™ ions were measured in the

and F
neutral-beam injected discharges with and without sawtooth oscillations.
In the next section, we describe the experimental arrangement and
the characteristics of the discharges. The time- and spatial-behaviours
of iron impurities are shown in the section 3. In the last section, we
discuss the charge transfer between the fast- and halo-neutrals and

iron impurities, and the neoclassical beam effect on the iron impurity

behaviours.

2. Experimental Arrangement and Characteristics of Discharges

- A schematic view of the JFT-2 tokamak and the principal diagnostic
equipments are:shown in Fig.l. The directions of the plasma current and
the toroidal field are clockwise and counter-clockwise,: respectivelly.
The neutral beam injectors are placed at 40 degrees with the minor axis’
of the torus. Maximum injected power of the each beam 1ine is about.1 MW
at 40 kV and 32 A. The beam pulse duration is about 100 ms. The rise-time

of -the beam s about 100 ps. The rail-limiter, placed at the top of the
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4th port, and the vacuum vessel are stainless-steel. In order to reduce
Tight impurities, titanium is gettered on the torus wall before the
discharge and in the interval of discharges.
The Tine-integrated emission from light and metal impurities were
measured by using the 3m grazing-incidence monochromator, and the spatial
distribution of the emissions (spectral-Tine emissions from impurities
integrated along the Tine of sight) were obtained by tilting the
monochromator. The time- and spatial-variations of the electron
temperature and density were measured by the Thomson scattering apparatus.
The central ion temperature and its radial profile were obtained from the
energy-spectrum analysis of charge-exchanged neutrals and measurements of
Doppler profiles of impurity jons ionized in the different charge-states:
(e.g. TiXVIII, TiXIV, OVII, and CV). The 2mm and 4mm u-wave
interferometers were used to get the line-averaged electron density. The
soft X-ray radiation from the central region of the plasma and the.
horizontal shift of the hot plasma column were measured by the pin-diode
array equipted horizontally and vertically.
Characteristics of the typical discharges with neutral-beam
injection (beam power P =1 MW (38 kV, 65 A)) in the study of the impurity
behaviour are shown in Fig.2. The strength of the toroidal field Bt is 13
kG and the plasma current Ip increases to about 130 kA during the Ohmic
heating phase and gradually increases during the injection phase.
The energetic hydrogen beam (HO) is injected at 100 ms to a deutrium

asma (D+) with the minor radius of 25 cm in the co- and counter-
directions. During injection, the one-turn Toop voltage decreases to about
1.2 (solid-Tine) and 1.5 volts (dotted-line) in the co- and counter-.
injection phases (no correction for the change of the plasma inductance},

respectively.
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- The line-averaged electron density increases linearly, which is
kept by puffing additional gas during injection. The central electron
temperature Te(O) increases from about 440 eV at 100 ms to 800800 eV
during co-injection, and to 630 eV during counter-injection. The central
jon temperature is 650750 eV at 120 ms and 500600 eV at 115 ms in co-
and counter-injections, respectively. The spatial distribution of the ion
temperature is determined from the width of the Doppler broadening of the
TIXIV (3=2117 A), OVII (x=1623 A) and CV (x=2271 A) Tines. The plasma
boundary temperature obtained from an electrostatic probe measurement is
2530 eV from 105 ms teo 125 ms and increases linearly to 40 eV at 130 ms
during co=injection. On the other hahd, this temperature increases
monotonously from 25 eV (at 100 ms) to 50 eV (at 130 ms} in counter-
injection.

In the above-mentioned discharges, the sawtooth oscillations are
dominant during the discharge as shown in Fig.3. The amplitude of
sawtooth signals during injection is Targer than that in the Ohmic
heating phase, especially, the amplitude after about 120 ms in.counter-
injection is very large. The soft X-ray -intensity increases up to 120 ms
and saturates in both discharges.

The characteristics of the another discharges without sawtooth
oscillations, but with high frequency of about 10 kHz during injection
are similar to the above-mentioned discharges, except that the plasma

current is low by 12015 % and the line-averaged electron density is high

by 623 %.

3. Experimental Behaviours of Iron Impurities

e14+ 17+

L. s . . 9+
Line-integrated emissions from iron ions (Fe” , F . Fe' ",

Fe18+) were observed by using the absolutely-calibrated grazing-incidence:
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- The line-averaged electron density increases linearly, which is
kept by puffing additional gas during injection. The central electron
temperature Te(O) increases from about 440 eV at 100 ms to 8000900 eV
during co-injection, and to 630 eV during counter-injection. The central
jon temperature is 650750 eV at 120 ms and 500600 eV at 115 ms in co-
and counter-injections, respectively. The spatial distribution of -the ion
temperature is determined from the width of the Doppler broadening of the
TiXIV (A=2117.E), OVII (x=1623 B) and CV (x=2271 R) lines. The plasma
boundary temperature obtained from an electrostatic probe measurement is
2530 eV from 105 ms to 125 ms and increases linearly to 40 eV at 130 ms
during co=injection. On the other hahd, this temperature increases
monotonously from 25 eV (at 100 ms) to 50 eV (at 130 ms} in counter-
injection.

In the above-mentioned discharges, the sawtooth oscillations are
dominant during the discharge as shown in Fig.3. The amplitude of
saﬁtooth signals during injection is larger than that in the Ohmic
heating phase, especially, the amplitude after about 120 ms in counter-
injection is very large. The soft X-ray intensity increases up to 120 ms
and saturates in both discharges.

The characteristics of the another discharges without sawtooth
oscillations, but with high frequency of about 10 kHz during injection
are similar to the above-mentioned discharges, except that the plasma
current is low by 12015 % and the line-averaged electron density is high

by 6023 %.

3. Experimental Behaviours of Iron Impurities

. + + +
Line-integrated emissions from iron 1ons (Fe9 R Fe]4 R Fe]7-,

Fe18+) were observed by using the absolutely-calibrated grazing-incidence
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monochromator in co- and counter-injected discharges with and without

sawtooth oscillations.

3.1 Time- and Spatial-Variations in the Discharges with Sawtooth
Oscillations
Figure 4 shows the time-evolutions of the radiance of FeXVIII (A=

93.9 R), FeXV {1=284.2 R) and FeX {x=174.5 R) lines measured along the
chords at the vertical positions (Z=0, -10, -12, -14, -16 cm) on the
Tower-half of the tofus in co- and counter-injections. Gradual increases
of the emissions from Fe9+ jons in the Ohmic heating phase and during
neutral-beam injection are due to the influx of the iron impurity,
because that the increasing rate of the electron density is slower than
that of the emission and the radiance should decrease when the e1ectfon
temperature increases. The small decrease of the FeXV emission, for about
5 ms after injection is due to ionization to upper states by incfément
of the electron temperature. The radiance of the FeXVIII 1ine changes

from 2.5x10 % photons.cm-z.sec_1 (100 ms) to 6x101%

photons.cm'z.sec
(115 ms) and indicates very slow increase or saturation in co-injection.
On the other hand, in counter-injection, the radiance exponentially goes
up to ten-times that at 100 ms untill about 120 ms, but suddenly the
increase stops and radiance gradually decrease [14].

In both cases, the time-evolutions of the spatial distributions
of the radiation (FeXVIII Tine) integrated along the line of sight versus
the QerticaI position Z on the lower-half of the torus are shown in Fig.5.
Before injection (Ohmic heating phase), the distributions and the amount
of the radiation are similar to each other. During injection in the co-
direction, as shown in Fig.5a, the profiles become shallow-hollow. On the
other hand, in counter-injection, the distributions become peaked profiie

with time. The former profiles are slightly broad in comparison to those
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in the latter case.

Above-mentioned tendency can also be seen in Fig.6. The radiation
powers of FeXVIII line from the central regime (r<5 cm, r : minor radius
of the plasma) and the regime of 0<r<10 cm are indicated in co- and
counter-injections. The radiation power in the central region in counter-
injection (open triangle) is twice that in co-injection (open circle)
from 117 ms to 130 ms, but the power level saturates at about 1.0 kW and
0.5 kW, respectively. In the region of 0<r<10 cm, the discrepancy of the
power (comparison between dashed and dotted curves)} is only 40028 % in
the same time interval. This fact indficates that the radial distribution
of radiation in counter-injection is peaked and concentrates near-the
plasma center, and in co-injection, there may be the enhanced reduction
of the impurity in the central region. In the initial phase during
injection, the increasing rate of the radiation jn counter-injection is
larger than that in co-injection in both regimes.

On co-injection, the time behaviours (i.e. the tendency of the
saturation of FeXVIII line radiation) as shown in Figs.4 and 6 are very
similar to those in the ISX-B tokamak [9].

On counter-injected discharges after about 120 ms, the increase
of the radiation stops suddenly and saturates, and the plasma is not
disrupted during injection. This phenomenon seems to correlate with the
appearance of sawtooth oscillatfons with the Targe amplitude, although
the oscillation appears slightly faster than the stop of the radiation
increase as sﬁown in Fig.3. In this phase of the discharge, large
impurity loss appears to exist in the central regime of the plasma
{(the e]egtroh density indicates a gradual increase and the central

electron temperature is nearly constant), although we have not any data

indicated directly the loss of impurity ions, e.g. particle confinement
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time of impurity ions. However, the saturation of influx of iron may
reflect to this phenomenon. The fast decrement after 130 ms is mainly due
to the decrease of the central electron temperature by the excess
radiation cooling.

The radiation power depends directly and indirectly on the electron
density and temperature. Thus, we also made comparison of the population
density of the Fe17+ jon in between co- and counter-injections. Figure 7

shows the Abel-inverted spatial distributions of the density of Fe17+,

Fe14+, and Fe9+ ions in the ground state at 100 (start point of neutral-
beam injection), 115, 120 and 130 ms. In these evaluations, the
experimentally obtained time- and radial-variations of the electron
temperature and density are used except the profiles at 115 and 120 ms 1in
counter-injection (at these points they are assumed to be the same
profile with that at 130 ms).

In co-injection, the population density of Fe17+ jon indicates a
gradual increase with time {a factor of 1.7), and its profile is shallow-
hollow during injection. The profile of Fe9+ ion becomes broad after
injection, but the density at the peak changes slightly. The total number
of this ion only indicates the increase of 33u37 %. In counter-injection,
the popu]qtion density of Fe]7+ ion near the plasma center (r<5 cm) at
120 ms increases to about 6 times that at 100 ms, although there are
uncertainty of the Abel-inversion near the plasma center and the assumed
profiles of the electron density and temperature. From 120 to 135 ms, the
density is approximately constant. The time-variation of Fe9+ ion 1is
similar to that in co-injection (the increasing rate of the total number
of this ion is about 40 %).

18+

There should exist Fe and Fe}6+

jons under these discharge

conditions, but we did not measure. Thus, we roughly estimated by using
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the coronal equilibrium equation {(particle confinement time is larger
than the characteristic time of electron collision ionization). The

18+ |

density of the Fe ion near the plasma center is 1.4 times (co-

17+

injection) and 1.7 times (counter-injection) those of Fe ion at

130 ms, respectively. The density of Fe]6+ jon is about 0.7 times that

+ .
W jon in both cases.

of Fe

Above-mentioned experimental results indicate that, in counter-
injection, there is accumulation of the iron impurity into the central
region of the plasma. This accumulation appeares to be enhanced by the
increase of the influx and/or by the neoclassical beam effect [4,5]. The
cause of the accumulation is not yet clear in this case. In co-injection,
the iron impurities may be driven out from the central region of the
plasma, because the content of iron density saturates in spite of the
increase of the influx, and the radiance of the FeXVIII Tine near the
central region should increase when the electron temperature increases.
This drive-out may be due to the neoclassical beam effect if the anomalous
diffusion, which is usual diffusion in the Ohmic heating phase, does not
change during injection. After about 120 ms, the accumulation appears to
be relaxed with slight time-delay. This relaxation seems to correlate

with the large amplitude sawtooth oscillation or may be due to the

saturation of influx of iron.

3.2 Time-Variations in the Counter-Injected Discharges without Sawtooth
Oscillations
The discharge condition is very similar to that in subsection 3.1,
as described in section 2. There is no sawtooth oscillation, but
oscillation with high frequency of about 10 kHz during injection.
Figure 8a shows the time-variations of the radiance of FeX, FeXV,

FeXVIIT and FeXIX (x=108.4 A) lines measured along the central chord (Z=
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0). In order te comparison, the time-behaviours of the radiance of the
same iron spectral-lines in the co-injected discharge with sawteeth, not
including a large amplitude sawtooth oscillation as in. subsection 3.1,
are shown in Fig.8b. In both cases, when the neutral beam injects, the

. O+

. . . N +
emissions from jons in low-ionized states (Fe 14 )

and Fe decrease by
raise of the electron temperature, and the behaviours of the radiance of
the FeX line indicate that the iron influx does not increase.

In the early phase of counter-injection, the radiances of the
FeXVIII and FeXIX lines are about one order greater than those before
injection, but after 120 ms they diminish fast (corresponding to this
decrease, the radiances of FeX and FeXV lines increase through
recombination process). This is due to the excess radiation cooling near
the central region of the plasma.

Figure 9 shows the time-evolutions of the line-averaged population

density of Fe”'+ and Fe]8+

ions in the ground state during-counter-
injection (the co-injected case.also indicates). These estimations . are
rough, because, in these cases, the spatial distributions 6f radiances
from iron jons and the profiles of the electron density and temperature
are not obtained. This figure shows that the population density increases
with time untill about 120 ms and decreases.

From the results in Figs.8 and-9, it is found that the excess
radiation cooling results from the accumulation-of the iron impurity
near the central region of the plasma. In this case, this accumulation
can not be explained by the iron influx, because the influx does not
increase during counter-injection. Thus, the neutral beam injected in the
counter-direction acts to accumulate impuritieé into the central region

of the plasma. However, the degree of the effect seems to be different

in. both. counter-injections in subsections 3.1 and 3.2, that is, there
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may be another effect influenced delicately on the accumulation.

4. Discussion and Conclusions

In a few tokamak plasma with neutral-beam injection, the observed
enhancement of the emission from impurity ions is explained by charge
transfer between fast- and halo-neutrals by injection and impurity ions
[10-13]. Thus, this process can not always be negiected on the impurity
behaviour. The characteristics of the effect by this process on spectral
emissions are the fast rise {1n2 ms}, except PLT results, and to be
observed in the relatively low electron density (5652m3X1013 cm'3).

In our cases, the grazing-incidence monochromator used measurements
of Tine-integrated spectral emissions is placed to view the field
including high-energy hydrogen atoms from co-injected beam, but not atoms
from counter-injected beam.

The transit f?me of ions in the torus direction is an order of
10'5 sec. The characteristic time for. electron collision ionization is

(O.5m3)><10-3 sec for Fe]8+, Fe]7+, O7+ ions. The 1ife-time of the

1 sec. The electron collision

18+ and Fe]7+ ions and several ms

pertinent excited states is about 10~
excitation time is less than 1 ms for Fe
for O7+ ion. On the time-history of emissions of the iron spectral-lines,
the enhanced emission with fast rise should be observed in both co-
(contribution of fast-and halo-neutrals) and counter-' (halo-neutrals)
injected discharges. The enhancement were not observed even in co-
injection. It is thought to be-due to attenuation of the fast atoms of
the beam by electron collision before they reach the view point because of
high density (ﬁe2(4m5)x10]3 cm'3) during injection.

The results of the numerical calculations for charge transfer

between fast- and halo-neutrals and iron ions indicate that this atomic
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may be another effect influenced delicately on the accumulation.

4, Discussion and Conclusions

In a few tokamak plasma with neutral-beam injection, the observed
enhancement of the emission from impurity ions is explained by charge
transfer between fast- and halo-neutrals by injection and impurity ions
[10-13]. Thus, this process can not always be neglected on the impurity
behaviour. The characteristics of the effect by this process on spectral
emissions are the fast rise {12 ms), except PLT results, and to be
observed in the relatively low electron density (ﬁesZmBX1D13 cm'3).

In our cases, the grazing-incidence monochromator used measurements
of line-integrated spectral emissions is placed to view the field
including high-energy hydrogen atoms from co-injected beam, but not atoms
from counter-injected beam.

The transit fime of ions in the torus direction is an order of

10_5 sec. The characteristic time for. electron collision ionization is

(0.5m3)><10'3 sec for Fe]8+, Fe17+, 07+ jons. The 1ife-time of the

1 sec. The electron collision

excitation time is less than 1 ms for Fe18+ and Fe]7+ jons and several ms

pertinent excited states is about 10°

for O7+ ion. On the time-history of emissions of the iron spectral-lines,
the enhanced emission with fast rise should be observed in both co-
(contribution of fast-and halo-neutrals) and counter- (halo-neutrals)
injected discharges. The enhancement were not observed even in co-
injection. It is thought to be due to attenuation of the fast atoms of

the beam by electron collision before they reach the view point because of

high density (ﬁe2(4m5)x1013 em™3)

during injection.
The results of the numerical calculations for charge transfer

between fast- and halo-neutrals and iron ions indicate that this atomic
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process influences slightly on the spectral-line emission from iron ions,

19+
an

because the ionization process is dominant and the content of Fe d

Fe20+ jons is small (content of these ions decreases by 20v30 % through
the charge transfer process).

In order to investigate the transport of iron ions, we used the
numerical calculations, considering the electron collision ionization,
radiative and dielectronic recombinations, charge transfer between fast-
and halo-neutrals and iron ions, neoclassical diffusion in the Pfirsch-
Schluter regime by Samain and Werkoff, and anomalous diffusion by density
gradient of impurity ions, but not including the neutral-beam effect, i.e.
enhancement of radially outward or inward diffusion flux driven by the
direct momentum input to the plasma particles and the toroidal rotation
of the plasma induced by beam injection. Both radial- and time-behaviours
could not reasonably be explained by this numerical transport model of
impurity, even though the profiles and values of the electron temperature
and density are changed within the experimental error. It is found that
the increase of the iron influx also increases the radiation of the
FeXVIII line with time and the discrepancy from the experimental results
becomes larger. The radial profiles are not influenced by the influx, i.e.
they are .ma1n1y determined by the profiles of the electron temperature
and density and diffusion coefficients. Thus, the behaviours can not be
explained by the difference of the influx (1x10'7~ax10" sec™),
especially for co-injection. Also, the difference of anomalous diffusion
coefficients (Da=4000 cmz/s or 1X10]7/ne (Alcator scaling)) is the minor
effect on the time- and spatial-variations (less than 16 % for FexXVIII
and FeXV 1ine radiances and about 26 % for FeX line radiance).

On the recent numerical calculations including the beam effect,

17+ Fe14+ 9+

the time- and radial-behaviours of Fe ' , and Fe” ions can be
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explained by considering the enhanced ocutward diffusion with the velocity
of about 10 m/s, which is assumed to be due to the neoclassical beam
effect (direct momentum input and toroidal plasma rotation), and the
influx of 5><]017 s'1 in co-injection. For counter-injection, assuming the
inward velocity of 5.10 m/s, the experimental behaviours can be explained,
except the time-behaviours of FeXV line radiance. There may still be some
unknown factors on the counter-injected discharges.

From present experimental and numerical results, we conclude that
iron impurities drive out from the central region of the plasma by co-

injection, and they appears to accumulate into the center by counter-

injection, but the plasma is not disrupted during counter-injection.
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JFT-2 NBI-Exp. ,

— Lo-1In
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i == Crg- Inj.
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, 777 N8BT 7777,
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f . ms
Fig. 2 Characteristics of a typical discharge with neutral-beam injection,
toroidal field Bt=13 kG, Ip: plasma current, V]: one-turn loop
voltage, ﬁe: Tine-averaged electron density, Te(O): central
electron temperature.
Fig. 3 Signals of sawtooth oscillation measured by pin-diode array in the

Ohmic and beam heating phases; upper trace: counter-injection,

lower trace: co-injection.
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Fig. 6 Time-variations of radiation power of FeXVIII (3=93.9 A} in the
central regime of the plasma (r<5 cm) and the regime of O<r<10
cm in co- {open and closed circles) and counter- (open triangle

and cross) injections.
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